Abstract: Maximum depth of colonization (z C ) and total area covered by a population of Lobelia dortmanna, as well as underwater light regime were studied in 25 soft water lobelia lakes in north-western Poland. Variations in underwater light conditions among the lakes were described by Secchi disc depths (z SD ), and by attenuation coefficients of irradiance within photosynthetically active radiation range (K d,PAR ), and euphotic zone depths (z EU ) derived from photometric measurements conducted twice a year (in midspring and midsummer) during the period 2014-2015. Maximum depth of colonization of water lobelia ranged from 0.1 to 2.2 m (median z C = 0.8 m; mean z C = 1.0 m). Nine lakes showed the relative coverage of the littoral zone (RCLZ) by L. dortmanna to be greater than the mean value, which was 4.8%. Studies showed that light requirements of water lobelia increase when the maximum depth of colonization also increases. This pattern could be partially related to the greater energy needs of deeper growing individuals due to enlarged seed production and their incubation, and for the creation of much heavier inflorescences. Assessment of the light requirements of L. dortmanna along the depth gradient indicates that relative irradiance (percentage of subsurface irradiance of PAR) should be at the level of: (i) 47-50% (annual total of quantum irradiance 3083-3280 mol m -2 yr , which corresponds to the maximum colonization depths of 1.8-2.2 m.
Introduction
Due to a low concentration of basic cations (mainly calcium), lobelia lakes are classified as soft water lakes, a category of water bodies characterized by a very low acid neutralizing capacity (Szmeja 1997; Arts 2003) . Other distinguishing features of the water environment of these lakes are the relatively large water transparency and low concentration of biogenic elements, the scarcity of which limits primary production and determines their low productivity. Despite the distinctive identity of the abiotic environment, lobelia lakes, also called isoetid lakes (Rørslett and Brettum 1989) , are separated only on the basis of floristic and phytocoenotic criteria (Szmeja 1997) . The distinguishing feature is the occurrence of indicator species, such as: Lobelia dortmanna L., Littorella uniflora (L.) Asch., Isoëtes lacustris L., Isoëtes echinospora Durieu, Luronium natans (L.) Raf., as well as Littorelletea uniflorae communities created by these species.
The occurrence and spatial distribution of submerged macrophytes is controlled by a series of interacting environmental factors, including: (i) underwater light regime (Spence 1982; Chambers and Kalff 1985; Dale 1985; Szmeja et al. 2010) , (ii) lake bottom topography (Duarte et al. 1986 ), (iii) type and properties of bottom sediments (Barko and Smart 1986) , (iv) water temperature (Anderson 1969; Barko and Smart 1981; Dale 1985) , nutrient availability (Granéli and Solander 1988; Declerck et al. 2005; Cao et al. 2012; Moss et al. 2013; Klimaszyk et al. 2015) , (v) dissolved organic matter (Banaś 2002; Bazydło and Szmeja 2004) , (vi) suspended solids (Tanner et al. 1993; Doyle and Smart 2001) and hydrological and hyDariusz Borowiak et al.
drodynamic conditions (Furey et al. 2004; Cao et al. 2012; Vandel et al. 2016) . Among the listed factors, the amount of incoming solar energy is crucial (Spence 1982; Chambers and Kalff 1985; Schwarz et al. 2000; Szmeja et al. 2010 ). This factor regulates the structure and spatial organization of plant communities and the occurrence of individual plant species (Bini et al. 1999; Banaś 2016) . The availability of light is also a decisive factor shaping the location of the lower limit of the underwater vegetation occurrence (Sculthorpe 1971 , Dale 1985 Chambers and Prepas 1988; Stross et al. 1995; Middelboe and Markager 1997; Schwarz et al. 2000) .
The main goal of this study was to determine the relationship binding optical properties of water with the maximum depth of colonization by Lobelia dortmanna (one of the indicator species of lobelia lakes), as well as the minimum light requirements of this species along the depth gradient. The optical characteristics used in the study included the diffusion coefficient of light attenuation, annual density of photosynthetic photon flux, relative irradiance at the lower limit of the population area as well as the Secchi depth and the range of the euphotic zone.
Study area
The research was conducted in 25 lobelia lakes of north-western Poland grouped in four geographical macroregions: Koszalin Coastland, West-Pomerania Lakeland, South-Pomerania Lakeland, and East-Pomerania Lakeland (Fig. 1) . The meridional extent of the study area was approximately 1° (53°46.7'-54°44.2'N).
Most of the field work was carried out as part of the project "The programme of comprehensive lobelia lakes conservation in Poland. Stage 1. The grounds and model solutions" implemented in 2014 -2016 (Bociąg and Borowiak 2016 . Two lakes, Moczadło and Sporacz, were studied in the same period, outside of the project.
All lakes are post-glacial water bodies located mainly in forested catchments and with varying human im- Fig. 1 . Location of the studied lobelia lakes in division into physico-geographical macroregions. Description of the lakes: 1 -Boruja Duża, 2 -Choczewskie, 3 -Chojnowe, 4 -Cietrzewie, 5 -Czarne by Borzytuchom, 6 -Czarne by Zapceń, pact. The identified sources of anthropogenic impact on the ecosystems of the examined lakes include: discharges of wastewater from rural and second-house areas, areal pollution from adjacent arable land, changes in the hydrographic network in the catchment, fisheries and fishing, and recreational pressure. These are generally mesotrophic and eutrophic lakes, and only few exhibit the characteristics of oligotrophy (Table 1) .
In the size category, these are generally small lakes (range: 1.4 to 177.7 hm 2 , median: 9.5 hm 2 ) but strongly differentiated in terms of the depth (range: 2.1 to 23.1 m, median: 8.6 m).
In terms of hydrochemistry, they are soft water lakes with low electrolytic conductivity (range: 31 to 195 μS cm ). Floristically, the studied lakes do not show much variation, although two distinctive suites of lakes can be distinguished (Bociąg and Rudowska 2017) . The first group consists of 19 lakes. They are characterised by a poor flora dominated by Littorelletea species, including isoetids. The number of plant species identified in them ranged from two (Lake Herta) to nine (Lake Morskie Oko). The second group includes six lakes (Boruja Duża, Choczewskie, Czarne by Zapceń, Długie, Kiedrowickie, Sękacz), which are richer floristically, and Littorelletea species are not dominant. They are dominated by species from other syntaxonomy units (from the Potametea and Charetea classes). These lakes belong to the largest water bodies in the whole studied group of lakes (average: 60.0 hm 2 ), contain a larger sum of dissolved substances (average: 118.3 μS cm -1 ), are more abundant in calcium (average: 13.8 mg Ca dm -3 ), as well as exhibit greater acid neutralizing capacity (average: 0.806 meq dm -3 ) ( Table 1) .
Methods
The population resources of L. dortmanna and other isoetids (Littorella uniflora, Isoëtes lacustris, Isoëtes echinospora, Luronium natans) in the studied suite of lakes was determined by delimiting the areas occupied by particular populations. Their size was appointed with scuba diving techniques and wading in shallow littoral using the Trimble Juno 3B GPS receiver. The point data collected in the field was then transformed in the Arc- According to Borowiak et al. (2017) and Department of Limnology of the Gdańsk University (unpubl. data). map 10.3 program into polygons, which were then used to calculate the actual area occupied by particular populations. During the field studies, the maximum depth of colonization (z C ) of the studied species was also defined, understood as the depth of the lower limit of the population area in a given lake. Hydro-optical studies were carried out in a water column located directly above the deepest part of the lake. The scope of these investigations included measurements of the vertical distribution of the photosynthetically active radiation (PAR: 400-700 nm) (profile radiometer PER-700) and water transparency with the use of a Secchi disc. The measurements were carried out on two dates. The first measurement was taken in midspring (April/May), and the next one in midsummer (August). The propagation of downwelling irradiance (E d ) was measured continuously from the surface to the depth at which the irradiance was still large enough that the amount of noise would not affect the correctness of the reading. The results of the irradiance measurements were used to calculate the diffuse attenuation coefficients of PAR (K d,PAR ) and then to calculate the optical characteristics of the derivatives against the light attenuation coefficient, such as: the depth of the euphotic zone (Z EU ) and relative irradiance at the maximum depth of colonization by L. dortmanna (Ez C ).
The extent of the euphotic zone was defined as the depth that receives 1% of the photosynthetically active radiation penetrating the water surface (z EU = 4.6/ K d,PAR ) (e.g. Kirk 1996; Kalff 2003) . In turn, the relative irradiance at the maximum depth of the water lobelia colonization, expressed as a percentage of radiation penetrating into the water, was calculated as follows:
where: z C is the maximum depth of colonization by water lobelia (in metres).
In the period covered by the research, bathymetric and morphometric surveys were made for 18 lakes for which no detailed maps of the underwater topography were available. Measurements of lake basin topographies were carried out in accordance with the procedure described by Borowiak et al. (2016) . These maps, supplemented with the bathymetric maps by IRS (unpublished materials) and IMGW (Jańczak 1997) , were used to determine the area of the littoral zone. The range of the littoral was assumed arbitrarily as the surface of the lake bottom between the shoreline and a 5 m isobath. Such delimitation of the littoral zone corresponded with the maximum measured depth of isoetid occurrence in the studied lakes, which was 4.5 m (Isoëtes lacustris in Lake Moczadło). The relative coverage of the littoral zone (RCLZ) by water lobelia and other isoetids was expressed as a percentage of the population area to the area of the lake littoral zone.
Results

Lobelia dortmanna population resources
The total area occupied by lobelia populations in all the studied lakes was 10.47 hm 2 , with half of these resources being found in only one lake (Lake Kiedrowickie). In the other lakes the area of the lobelia population ranged from 0.008 (Lake Herta) to 0.710 hm 2 (Lake Długie), with an average of about 0.22 hm 2 (Table 2) . In five lakes, L. dortmanna was the only representative of isoetids. In two lakes (Boruja Duża, Płocica), the area of water lobelia population accounted for less than 10% of the area occupied by all isoetids. In seven water bodies, the population area of this species accounted for over 50% of the area occupied by isoetids.
The relative coverage of the littoral zone (RCLZ) of individual lakes by the L. dortmanna population ranged from 0.1 (Lake Choczewskie) to 20.6% (Lake Rekowskie), with an average value for the entire population of 4.8%. The relative coverage of the littoral zone exceeding the average value was found in nine lakes (Table 2) . On the basis of literature sources and own observations, it can be stated that lobelia populations are relatively stable in these lakes. Only in one of them (Lake Czarne by Borzytuchom) was a significant decrease of its area in the years 2003-2015 found (Gos and Bociąg 2003; Bociąg and Rudowska 2017) .
The average maximum depth of colonization z C (depth of the lower limit of the population area) of L. dortmanna was approximately 1.0 m, and the range of its variability ranged from 0.1 (Lake Czarne by Borzytuchom) to 2.2 m, in the lakes Ostronek and Rekowskie (Table 2) .
Optical properties of lake waters
The average values of diffuse light attenuation coefficients (K d,PAR ) ranged from 0.414 (Lake Rekowskie) to 2.426 m -1 (Lake Krosnowskie) ( Table 3 ). The average value of the coefficient calculated for the entire lake suite was 1.141 m -1 . The median was slightly lower . The main admixtures of water affecting the light attenuation in the water column of the investigated lakes were the coloured dissolved organic matter (CDOM) and phytoplankton. The worse light transmission conditions found in midsummer were mainly a consequence of the higher chlorophyll-a concentrations observed at that time. The average summer concentration of chlorophyll pigment was 14.6 μg dm -3 (range: 3.4 to 41.6 μg dm -3
), while the spring ones were on average 3.9 μg dm -3 lower (range: 1.4 to 33.4 μg dm -3
). The average true water colour in both measurement dates was comparable and was 12.6 and 12.4 mg Pt dm -3 , in summer and spring, respectively. The general relationships of the attenuation coefficient (K d,PAR ) from the optically significant constituents of water are summarised in Table 4 . In the studied group of lakes, the changes in chlorophyll-a and coloured dissolved organic matter concentrations explain about 87% of the variability of the attenuation coefficient (K d,PAR ) between the lakes (Table 4) .
The depths of euphotic zones (z EU ) calculated on the basis of the light attenuation coefficients assumed values from 1.9 (Godzierz, Krosnowskie) to 11.1 m (Rekowskie), and the mean and median, respectively, 5.0 and 4.4 m. In addition to Lake Rekowskie, the most extensive euphotic zones (up to 9.6 m) were found in lakes Moczadło and Morskie Oko (Table 3 ). The depths of euphotic zones were strongly correlated with Secchi transparency (SD), and the relationship between the two variables is described by the equation z EU = 1.8SD (R 2 = 0.84; p<0.001). Secchi depth was on average almost twice lower than the depth of the euphotic zone. Extreme values of water transparency were found in lakes Sękacz (1.1 m) and in Moczadło (5.9).
Light conditions and population resources
In the entire investigated group of lobelia lakes, the statistical relationship combining the relative coverage of the littoral zone (RCLZ) by populations of L. dortmanna with the optical properties of the lake water turned out to be moderate (R 2 = 0.242). However, a clear upward trend of RCLZ is noticeable with a decrease in the value of the light attenuation coefficient (K d,PAR ). In the lakes with better light transmission conditions, the relative coverage of the littoral zone by water lobelia was essentially higher. The above dependence becomes even more pronounced if only those lakes with the above-average populations of L. dortmanna (RCLZ> 5%) are taken into consideration in the analysis. In the lakes with large and relatively stable lobelia populations, the availability of light seems to be the leading environmental factor differentiating population area. In this category of water bodies, the between-lake differences of light attenuation coefficients were much smaller. In comparison with the other lakes in question, the range of light attenuation coefficients was also clearly shifted towards smaller K d.PAR values (0.414 ≤ K d,PAR ≤ 1.403) (Fig. 2) . All lakes of this group also had very soft waters with alkalinity below 0.85 meq dm -3 .
Irradiance at the maximum depth of colonization
The maximum depth of L. dortmanna colonization (z C ) showed a moderate negative statistical relationship with the light attenuation coefficient (K d,PAR ) (Fig.  3A) . The largest differences of z C (reaching about 2 m) were observed in those lakes for which the K d,PAR values ranged from 0.5 to 1.0 m -1 . The maximum depth of L. dortmanna colonization in this lake suite was from 0.3 (Lake Płocica) to 2.2 m (Lake Ostronek). Equally large differences in z C (reaching 1.7 m) were observed in the next class interval of the light attenuation coefficients (1.0 < K d,PAR ≤ 1.5 m -1 ). Aggregation of the measurement data within class intervals of light attenuation coefficients (K d,PAR ) allowed a clearer and statistically stronger (R 2 = 0.884) relationship between both parameters to be observed, which in the general form expresses the power function (Fig. 3B) . The exponent of the power function is negative, therefore the worsening of light transmission conditions deep into the water (increased absorption and/or scattering by optically significant admixtures of water) leads to a reduction in the maximum depth of colonization and occupancy by lobelia of shallower regions of the littoral zone.
Knowledge of the maximum depths of colonization (z C ) of the littoral zone by water lobelia and the irradiance attenuation coefficients (K d,PAR ) also allows a quantification of irradiation levels at the depth of z C . The percentage of light penetrating the water column, and remaining at the maximum depth of lobelia occurrence, ranged from 10.2 (Lake Linówko) to 87.7% (Lake Czarne by Borzytuchom) (Table 3, Fig. 4) .
The division of the studied lakes into two subsets conducted according to the criterion of relative coverage of littoral zone by populations of water lobelia shows that in the lakes with RCLZ > 5% light conditions at the lower boundary of population areas (maximum colonization depth) of this species are better, although the mean and median of the depths z C calculated for this group of lakes (mean: 1.1 m, median: 1.0 m) were 0.2 m higher than in the group of other lakes (mean: 0.9 m, median: 0.8 m). In these lakes, the minimum relative irradiance found at the depths corresponding to the maximum colonization of water lobelia exceeded 32%, and in the remaining ones only 10% of the PAR measured just under the water surface (Fig. 4) . The average values were 50.2% and 39.3%, respectively, for lakes with RCLZ > 5%, and those with RCLZ < 5%. In both groups the median was similar and amounted to 43.8% and 43.4% subsurface irradiance, respectively, for lakes with RCLZ > 5% and RCLZ < 5%.
Discussion
Water lobelia, like other isoetid species (Littorella uniflora, Luronium natans, Isoëtes lacustris, Isoëtes echinospora), is a photophilic plant growing in shallow littoral. Most often it occurs at a depth of 0.5-2.0 m (Dąbska 1965; Sheldon and Boylen 1977; Moeller 1978; Szmeja 1992; Kraska and Piotrowicz 1994; SandJensen et al. 2005; Kraska et al. 2013) . The occurrence of lobelia only in shallow littoral is a consequence of its ecological requirements, including those resulting from a specific form of growth and developmental biology. As a species with an R-type life strategy in the Grime model (Grime 1977; Szmeja 1994) , lobelia tolerates the disturbances typical of shallow littoral relatively well, but it is less well adapted to the conditions, including light deficiency. Isoetids, being a group of macrophytes typical of oligotrophic lakes, are usually the first to react to changes in the water environment initiated by eutrophication or the process of enriching with allochtonic dissolved organic matter (humification; brownification), which, among others, results in limiting the availability of light (Baattrup-Pedersen et al. 2001; Pokorný and Björk 2010) . Midelboe and Markager (1997) suggest that in comparison with other groups of submerged macrophytes, worse adaptation of isoetids to decreased light levels may be due to: (i) better adaptation to altered light conditions of other macrophyte groups by increased shoot growth towards the water surface, and (ii) the ratios of the plant biomass to unit of light absorbing surface area (high plant specific carbon value) are unfavourable among isoetids, which means lower efficiency of light utilization necessary for the growth of the plant.
As shown by previous studies (Moeller 1978; Szmeja 1992 ) L. dortmanna, similarly to macrophytes with an orthotropic form of growth, also developed the mechanism of adaptation to conditions of limited access of light. Generative individuals of L. dortmanna growing within the deep-water border zones of the population areas have rosette areas larger by over 60%, leaves in rosettes are 30% longer and their number is 10% higher in comparison with individuals growing in the population's centre (Szmeja 1992) . For individuals inhabiting the deeper littoral zone the ratio of the plant biomass to the light absorbing surface is therefore more favourable than in the individuals inhabiting the shallower centre of the area. This mechanism, however, turns out to be much less effective.
The current recognition of L. dortmanna light requirements, or more broadly isoetids, is not complete. Only a few studies have addressed this issue in relation to selected ecological groups of submerged macrophytes, such as rosette type angiosperms, or taxonomic groups (genus Isoëtes) (Middelboe and Markager 1997) , as well as other isoetid species (Littorella uniflora, Isoëtes lacustris) (Sand-Jensen and Madsen 1991) . In relation to the Pomeranian lakes, the general characteristics of the light conditions observed in various plant communities, including Isoëtes lacustris-Lobelia dortmanna-Littorella uniflora, has been described by Banaś (2016) . In addition, using literature data, approximate irradiance at the maximum depth of L. dortmanna can also be estimated for several lakes located in other geographic re- Table 5 . Yearly integrals of photosynthetic photon flux densities (PPFDs) at the surface and at the maximum depth of colonization (z C ) by Lobelia dortmanna and some other Isoetid species in three Pomeranian and three worldwide lakes Explanation: an asterisk (*) denotes lobelia lake with RCLZ >5% and double asterisk (**) denotes lobelia lake with RCLZ <5%. PPFD's denoted as surface (0 + ) and surface (0 -) are irradiances of PAR just above and just below the water surface, respectively. Value of PPFD above the water surface for Pomerania region was calculated from mean annual total radiation (Lorenc 2005) and conversion factor 1.97. Values of the subsurface irradiance of PAR (0 -) were calculated assuming a 10% loss due to reflection at the surface (Lange 1986) . PPFD data given by Middelboe and Markager (1997) and Sand-Jensen and Madsen (1991) were recalculated in this manner and highlighted with hash mark (#). Moeller (1978) gions: Lake George (Sheldon and Boylen 1977; Middelboe and Markager 1997) , Mirror Lake (Moeller 1978; Middelboe and Markager 1997) and Lake Kalgaard Søndergaard 1979, Sand-Jensen and Madsen 1991) (Table 5) .
The relative irradiance of PAR at the maximum depth of lobelia colonization, amounting to 10.2-87.7% subsurface irradiance, generally fell within the range reported by Banaś (2016) for plant communities Isoëtes lacustris-Lobelia dortmanna-Littorella uniflora. The Isoëtes lacustris-Lobelia dortmanna-Littorella uniflora (Il-Ld-Lu) community occurred in those littoral zone areas in which relative irradiance of PAR ranged from 1.9 to 86.7%. The mean and median relative irradiance for this community were 33.0 and 32.2% respectively (Banaś 2016) . The minimum value and both measures of the central tendency (mean: 43.2%, median 43.8%) describing the demand of L. dortmanna for light in the investigated Pomeranian lakes were clearly higher than those characterising the Il-Ld-Lu community, which primarily determined the light requirements of Isoëtes lacustris colonising deeper areas of the littoral zones (up to 6 metres).
The annual total irradiance and the percentage of subsurface PAR at the depth of z C in individual lakes differed almost 9-fold (Lake Czarne by Borzytuchom -5753 mol m -2 rok -1
; Lake Linówko -669 mol m -2 rok -1
). Significant, though slightly smaller, disproportions of annual irradiance at the depth of the lower limit of L. dortmanna occurrence were also recorded between lakes located in other geographical regions (Table 5) . Such large differences in the estimates of the irradiance level at the maximum depth of colonization of lobelia are not surprising. As shown by studies of the eight lakes of southern Quebec, the irradiance level and the percentage of subsurface PAR at the maximum depth of colonization by macrophytes from the angiosperms group may vary up to 11 times (Chambers and Kalff 1985) . In this case, such significant disproportions may, at least in part, be explained by a different reaction to the light of various species of macrophytes growing at the z C depth.
Estimation of the limit value of PAR irradiance reaching the maximum depth of L. dortmanna colonization, which would simultaneously define the minimal light requirements of this species only on the basis of field studies, is a difficult task. In the light of previous studies on the irradiance needs of various groups of submerged macrophytes, the obtained PAR irradiance limit values at the depth of z C depend on many additional factors affecting both the depth of macrophyte colonization as well as those shaping incident radiation due to external conditions. These factors include: the effect of latitude (Duarte and Kalff 1987; Middelboe and Markager 1997) , climate change (Uscka- Kowalkowska et al. 2007 ), local topography (Schwarz et al. 2000) , physicochemical properties of water and bottom sediments ( Middelboe and Markager 1997; Schwarz et al. 2000 , Kraska et al. 2013 as well as water level changes (Furey et al. 2004; Vandel et al. 2016) . In addition, the final results are also influenced by the type of research methods used (laboratory/field) (Sand-Jensen and Madsen 1991) or even the conversion of the subjective results of Secchi disc measurements to the values of attenuation coefficients of downwelling irradiance in water (Chambers and Kalff 1985) .
Due to the high variability of relative irradiance observed at the depths of z C , it seems more appropriate to estimate the minimum exposure to light enabling the species to occur at a given depth, rather than to strive to define one species specific irradiance limit. This approach will also allow an assessment of whether in given conditions light can be a factor limiting the size of the population area and its stability.
Using the experimental material collected for the studied group of 25 Pomeranian lobelia lakes, the minimum values of relative irradiance of PAR were estimated at the theoretical maximum depth of lobelia colonization, z TC . In calculations it was assumed that this depth is a function of the irradiance attenuation coefficient K d,PAR , and the equation describing this relationship is: z TC = 0.922 (K d,PAR ) -0.791 (see Fig. 3B ). Because such depths refer only to the apparent optical properties of water, they were called theoretical maximum depths of colonization (Fig. 5) .
The analysis shows that as the colonization depth increases, the light requirements of the species also gradually increase. Individuals growing in the deeper areas Fig. 5 . Relationship between minimum light requirements of water lobelia (expressed as a percentage subsurface irradiance of PAR) and theoretical maximum depth of colonization (z TC ). Course of the trend line has been established using the equation given in Fig. 3B . Open circles show possible disparities when z C is measured in the field with accuracy to nearest 0.1 m, and black dots are disparities when accuracy of z C readings is 0.25 m of the littoral zone need more light than those inhabiting the shallower littoral. This trend was also observed in other studies with regard to immersed macrophytes of the angiosperms and charophytes groups, as well as the genus Isoëtes (Chambers and Kalff 1985; Stross et al. 1995; Middelboe and Markager 1997; Schwarz et al. 2000) . In the case of L. dortmanna, the higher light requirements of individuals growing deeper in the water can be associated, apart from the mechanisms cited by Middelboe and Markager (1997) , with the greater energy needs of plants for the production and incubation of seeds as well as creation of heavier flowering shoots. According to the Szmeja (1992) the total number of seeds found in individuals growing at the lower limit of the population area of L. dortmanna is almost 14% higher than in those colonizing the centre of the population, and what is more, their inflorescences are longer and have a larger biomass. Unit weight of seeds is also slightly higher there (32 µg compared to 31 µg in the center of the population). Individuals of L. dortmanna growing deeper in the water play therefore an important role in the population regeneration process (Szmeja 1992) .
The most transparent Pomeranian lakes, often lobelia lakes, have irradiance attenuation coefficients of 0.35-0.42 m -1 (Borowiak 2011; Ficek 2013; Ficek and Borowiak 2016) , which correspond to the theoretical maximum depth of colonization z TC in the range of 2.1-1.8 m. The largest actual maximum lobelia depths in Pomeranian lakes do not exceed 2.2 m and are close to the theoretical value determined for K d,PAR = 0.035 m -1 (Fig. 5) . Thus, the availability of light seems to be the main environmental factor determining the depth of colonization of this species.
The inaccuracies of z C depth measurements may influence the estimation of the absolute and relative amounts of light reaching the given depth level. Even slight differences between the real and the "measured" depth of the z C can lead to an overestimation or underestimation of irradiance by a few, and in extreme cases even by a dozen or so percent (Fig. 5) .
As can be deduced from Figure 5 , the minimum relative irradiance in the population areas of L. dortmanna growing between the 2.0 and 2.5 m depths should theoretically range from 47 to 50% of the irradiance of PAR entering the lake. In the conditions of the radiation balance of the Pomerania region these values translate into annual totals of photosynthetically photon flux density (PPFD) equal to 3083-3280 mol m -2 yr The annual total of PPFD = 669 mol m -2 yr -1 calculated for Lake Linówko (Table 5) , in which lobelia is found nowadays to a depth of 1.7 m, significantly deviates from the 1.5-2.0 m depth range set for the annual PPFD minimum. Real irradiance almost 4.5 times lower than the theoretical one at the depth of z C in Lake Linówko may suggest the tendency of the population to gradually withdraw into shallower littoral zone areas. Equally large discrepancies between the theoretical irradiance of PAR and that actually reaching the depth of the z C were found in three other lakes (Godzierz, Ostronek, Warlińskie). The annual totals of real irradiance of PAR at the depth of z C in these lakes ranged from 23% (Lake Ostronek) to 64% (Lake Warlińskie) of the theoretical minimum of irradiance. Moreover, in these lakes the population of L. dortmanna may be at risk due to limited access to light. Less drastic disproportions between real and theoretical irradiance at the maximum depth of lobelia colonization were found in six further lakes (Czarne by Zapceń, Herta, Kiedrowickie, Krosnowskie, Moczadło and Rekowskie). In Lake Czarne by Zapceń and in Lake Herta, real irradiance was 76-77% of its theoretical minimum, and in the other four lakes, 81-88%. These values are, however, within the range of seasonal and interannual fluctuations of the irradiance attenuation coefficient K d,PAR (21.9±9.9%) (Ficek 2013) .
In Pomeranian lakes, in average conditions, the maximum depth of L. dortmanna colonization (mean z C = 1 m) is approximately one third of the depth of the Secchi depth (mean z SD = 2.8 m) and one fifth of the depth of the euphotic zone (mean z EU = 5 m) under irradiance at the level of 43% of the subsurface PAR. The above findings turn out to be highly convergent with earlier findings made by Sand-Jensen et al. (2005) .
